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I. INTRODUCTION 
Photoplasticity is one of several branches of Photo­
mechanics, the others being Photoelasticity, Dynamic Photo-
elasticity, Photothermoelasticity and Photoviscoelasticity. 
The name "photoplasticity" represents a very broad area but 
it will be treated in this research in its traditional sense, 
i.e., models of viscoelastoplastic materials (polymers) are 
used to simulate elastic-plastic behavior in metals. In this 
sense, Photoplasticity is a full-field technique that is 
based on the interpretation of optical patterns in transparent 
birefringent materials which are, or were, stressed beyond 
their elastic limit and are illuminated by polarized light. 
Photoplasticity can be considered in a certain sense as an 
extension of the well-known method of photoelasticity, the 
basic difference being that only elastic stress states are 
considered in photoelasticity. Other differences arise in 
the interpretation of the basic optical response (isoclinics 
and isochromatics) of both methods. The interpretation of 
the two fringe patterns in photoelasticity is very well 
defined, i.e., isochromatics are linearly proportional to 
the in-plane principal stress or principal strain differences 
and the isoclinics indicate the directions of the in-plane 
principal stresses or strains. The same does not hold in photo­
plasticity where in most cases isochromatics and isoclinics 
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are related to in-plane principal strain differences and 
directions respectively. In photoplasticity studies, atten­
tion must also be given to the material being used, loading 
or unloading state, time and test temperature. 
Considerable research has been conducted in an attempt 
to explain the optical behavior of photoplastic materials, 
however, much more research will be needed before an adequate 
explanation is established. More research is also needed to 
establish the relationship between optical and mechanical 
behavior and on yielding behavior in the macroscopic and 
microscopic scales. Very few investigations have been con­
ducted to evaluate the yield behavior of photoplastic 
materials under general states of stress. A fewAresults have 
been reported for the initial biaxial yield locus of some 
photoplastic materials but more data for other materials and 
a general easy and fast method to obtain these data are still 
needed. 
Photoplasticity faces other problems which are related 
to the several similitude requirements that must be satisfied 
in order to predict prototype behavior from a model study. 
One of these requirements is that both prototype and model 
materials must have the same yield behavior. One consequence 
of this requirement is that both materials must follow the 
same yield criterion. Metals follow, in general, the von 
Mises yield criterion. Photoplastic materials, on the other 
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hand, do not seem to follow the von Mises criterion. 
Despite the above problems, photoplasticity is a very 
attractive technique because it offers several advantages. 
One is that people trained in photoelasticity can easily adapt 
to work with photoplasticity and the laboratory equipment 
required for the two methods is the same. Photoplasticity is 
a full field technique and it has a relatively low cost when 
compared with other techniques. An important advantage is 
that if incompressibility can be shown to be valid for photo-
plastic materials (polymers), plastic strain separation 
becomes easier than separation of stresses in photoelasticity 
because incompressibility means that an extra equation relating 
principal plastic strains and the zero relative volume change 
can be used for strain separation. 
Today, a great interest in nonlinear material behavior 
and an increased effort involving plasticity problems such as 
forming, rolling, extruding, etc., lead to an increased need 
for reliable experimental methods. One field requiring 
extensive research effort is the photoplastic field where 
development of new materials, knowledge of their mechanical 
and optical properties and the assessment of error in a photo-
plastic analysis when predicting plastic metal or polymer 
behavior are needed. 
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It is apparent that improvement of the photoplasticity 
method and its reliable application can be accomplished if the 
yield behavior of photoplastic materials is evaluated and 
analyzed further and if the photoplastic solutions of some 
simple plasticity problems are compared with analytical or 
numerical solutions in order to evaluate the accuracy of the 
photoplastic results. The coupling of photoplasticity with 
other techniques, for example, with a nonlinear finite element 
program may be very useful. This, in fact, is one of the 
objectives of this investigation which will be discussed later. 
This research has two main objectives. One is to provide 
additional information on the yield behavior of polyester 
mixtures which appear suitable for model studies of manu­
facturing methods such as rolling and extruding. For this, 
mixture ratio, temperature, and strain rate effects on yield­
ing will be examined. The initial yielding locus of several 
mixtures under biaxial stress conditions will also be deter­
mined. The second objective is to solve a simple plasticity 
problem so that the photoplasticity results can be compared 
to analytical or finite element solutions to establish the 
amount of experimental error and the influence of using dis­
torted models in a similitude analysis. 
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II. LITERATURE REVIEW 
The purpose of this review is to group some of the works 
done under the general title "Photoplasticity" into more 
specific areas in order that an easier acquaintance with the 
past and present states of the art may be achieved. Another 
purpose is to integrate into the photoplastic field some of 
the research done on yielding behavior of polymers in general. 
A. Photoplasticity 
A review of the literature indicates many works dealing 
with several aspects of the photoplastic field. The different 
material behaviors and responses lead to several testing 
methods, interpretations, and applications of the photoplastic 
effect. 
General reviews and surveys in the photoplasticity field 
were written by Hetenyi (1), Dally (2) and Theocaris (3). A 
book written by Javornicky (4) is devoted to the subject and 
presents extensive references covering the field. A critical 
review of works in Russian is given by Zandman (5). Extensive 
literature reviews in the subject are also presented by Brill 
C6) , Whitfield and Smith (7) , Johnson (8) and Zachaiiy (9) . 
1. Photoplastic materials 
Fried (10) investigated polystyrene, lucite, plexiglass, 
nylon, cellulose acetate, silver chloride and celluloid 
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(cellulose nitrate). Only celluloid was found suitable for 
his proposed method of study. Silver chloride may be useful 
for studying the slip mechanisms in metals because it has a 
crystalline structure. Bayoumi and Frankl (11) tested Catalin 
800, CR-39, Marblette and several types of bakelite resins. 
Johnson and Goldsmith (12) studied the stress-strain behavior 
and corresponding birefringence of several polymers under a 
limited range of temperature and strain-rate. They concluded 
that polyethylene as well as nylon, a polyester, cellulose 
acetate butyrate and cellulose nitrate exibits a linear rela­
tion between birefringence and strain, independent of strain 
rate. Javornicky (4) provides in his book a quite extensive 
list of many photoplastic materials. Ito (13) and Rao (14) 
also discuss the possibilities of using certain materials in 
photoplasticity. Johnson (8) considered several materials for 
elasto-plastic analysis of stresses by scattered-light photo­
mechanics and then selected cellulose proprionate for his 
studies, 
a. Celluloid Rossi (15) and Ambronn (16) found that 
celluloid exhibited a residual fringe pattern after unloading 
when it was strained beyond the elastic limit. Coker and 
Chakko (17) investigated the stress-strain properties of 
celluloid in the elastic and inelastic regions. Filon and 
Jessop (18) concluded that mechanical and optical properties 
of celluloid were dependent upon the load-time history and 
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birefringence was a function of both stress and strain. 
Ramspeck (19) studied celluloid under creep conditions after 
it was loaded to inelastic levels of strain. Several stress 
concentration problems were studied by Frocht and associates 
(20-24) using celluloid. They found that birefringence was 
related to the principal stresses and load path history. The 
isoclinics were found to be a function of the instantaneous 
principal stress directions and independent of the load path 
history. Biaxial studies relating birefringence and stresses 
were performed and, in all work, control was maintained of the 
relative humidity, time after loading, and temperature. Monch 
and Loreck (25) utilized celluloid in their study of disper­
sion of birefringence and refer to other literature where this 
material was also used. Javornicky (26, 27) used celluloid 
for the solution of stress concentration problems and devoted 
a large part of the chapter on materials in his book to 
studies of the mechanical and optical properties of celluloid. 
Ito (28) and Nisida et al. (29) used celluloid in their works 
and Ohashi (30) published several papers where he and 
associates employed celluloid for photo-rheological studies. 
b• Polycarbonate Ito (13) suggested the use of 
polycarbonate as a photoplastic model material. Gurtman, 
Jenkins, and Tung (32) and Brill (6) conducted extensive tests 
with polycarbonate. In (32) tests were performed in both 
uniaxial and biaxial stress fields. Brill (6) concluded that 
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birefringence is a function only of the principal strain dif­
ference and that the isoclinic parameter was in good agreement 
with the principal strain directions. Whitfield (33) and 
Whitfield and Smith (7) performed material characterization 
tests with polycarbonate in the form of uniaxial strain-rate, 
creep/ isotropy, isoclinic and reloading tests. They also 
determined the yield locus for polycarbonate concluding that 
although it is not a von Mises material the yield locus may be 
approximated by a Mises locus over a substantial range of 
Lode's variable. Brinson (34) investigated the ductile 
fracture of polycarbonate. In (35) Brinson interpreted the 
inelastic birefringence of polycarbonate after noting a 
definite relationship between plastic thickness changes and 
plastic isochromatics. The stress-strain-strain-rate behavior 
of polycarbonate was presented by Brinson and DasGupta (36). 
Papers dealing with the mechanical and optical properties of 
polycarbonate were published by Cloud (37) , Theocaris (38) 
and Yannas and Doyle (39). Dally and Mule (40) used polycarbo­
nate for studies in three-dimensional photoplasticity and 
interpreted the unloaded birefringence locked in cylinder 
specimens. Theocaris (3) and Johnson (8) indicated some dis­
advantages associated with the use of polycarbonate in photo-
plasticity. Johnson (8) found that the birefringence of poly­
carbonate is too high for scattered-light applications and 
this is true also for bi-dimensional classical use of 
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photoplasticity as indicated by Whitfield (7). Theocaris (3) 
concluded that polycarbonate does not comply rigorously with 
the necessary conditions for an accurate photoplastic model 
analysis. 
c. Polyester Ito (41) used a rigid polyester resin 
as a model material for photoelasto-plastic studies of the 
brittle fracture of high-polymer solids. Henley (42) tested 
mixtures of rigid and flexible polyester resins (selectron) 
and concluded that the stress-strain characteristics of these 
materials could be controlled by using different proportions 
of the constituents and that the material stress fringe rela­
tionships were neither linear nor single-valued. Morris and 
Riley (43) blended rigid and flexible polyester resins to 
develop a new photoplastic model material and studied plastic 
deformations in a plate with a circular hole under tension. 
They verified the effect of strain-rate on the stress-strain 
curves and concluded that unloaded birefringence is not a 
function of strain-rate. Zachary and Riley (44) studied the 
mechanical and optical behavior of polyester mixtures under 
uniaxial tension and compression. They also presented results 
for the yield locus of a particular mixture ratio (70% rigid 
resin and 30% flexible resin) from experiments with thin 
walled cylinders under internal pressure. They indicated that 
the stress-strain curves for the material can be modified 
significantly by changing the mixture ratio or the test 
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temperature and that the fringe order in the material is a 
function of the instantaneous principal strain-difference. 
The results for the yield locus indicated that the polyester 
material may follow a pressure modified von Mises yield cri­
terion. Burger, Oyinlola and Scott (45) used the same mixture 
proportions to determine full field strain distributions in hot 
rolled aluminum billets by simulation. Oyinlola (46) studied 
the up-set forging of rings with the same material at 48*0. 
Burger and Koenig (47) employed a 70% rigid - 30% flexible 
mixture to model the hot extrusion of cylindrical billets. 
Moiré studies (47) showed the feasibility of obtaining the 
material fringe value for residual plastic strains by means 
of a small circle drawn in the center of diametrically com­
pressed discs. The rigid polyester at higher temperatures 
(70-76°C) was employed by Burger and El-Hout (48) to model hot 
rolling of aluminum billets, by Burger, Scott and Gomide (49) 
and by Gomide and Burger C50) to study the up-set forging of 
rings. 
d. Other materials Filon (51) observed birefringent 
properties in glass after the elastic limit was exceeded at 
the outer fiber of beams under pure bending. Arakawa (52) 
studied the behavior of bakelite, Hetenyi (53) studied a 
nylon copolymer and Fried and Shoup (54) used polyethylene to 
model an aluminum plate under uniform uniaxial tension with a 
central, circular hole. Polyethylene was also studied by 
Kolsky and Shearman (55) and by Crawford and Kolsky (56). 
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Silver chloride has been used quite extensively and references 
can be found in Javornicky (4) and in the works of Goodman and 
Sutherland (57) , Goodman (58) and Nye (59). Hunter (60) 
utilized the creep and frozen-stress characteristics of an 
epoxy resin when subjected to a thermal cycle whose maximum 
temperature is significantly less than the critical temperature 
of the model material to study a notched-bar configuration 
subjected to bending. Johnson (8) selected cellulose pro-
prionate among other materials as a good model material for 
elasto-plastic analysis by means of the scattered-light tech­
nique . 
e. Optical behavior General or more specific papers 
dealing with the optical behavior of photoelastic and photo-
plastic materials can be found in the literature. Some of 
them relate birefringence with variables such as time, wave­
length and mechanical properties. Cloud (37) , Brinson (35) 
and Yannas and Doyle (39) reported results with polycarbonate. 
The dependence of the stress-optical coefficients on the 
mechanical and optical properties of polymers was reported by 
Theocaris (38). Fried (10), Bayoumi and Frankl (11), Brill 
(6) , Bigg and Sathikh (61), Johnson and Goldsmith (12), 
Chase and Goldsmith (62), Tokuoka (63) , and Doyle (64) also 
dealt with the optical behavior of photoplastic materials. 
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f. Mechanical behavior Almost every paper dealing 
with photoplasticity presents some results related to the 
yielding and mechanical behavior of the materials they employ. 
Some works, however, deal with time and temperature influences 
on the yielding behavior more fully. For example, strain-rate 
and/or temperature effects on polymers were noticed by Morris 
and Riley (43), Zachary and Riley (44) , Burger and co-workers 
(45-50) and by Morton (65). Chou, Robertson and Rainey (66) 
studied the effect of strain rate and heat developed during 
deformations on the stress-strain curves of four polymers. 
I to (13) studied the effect of temperature on polycarbonate 
by means of a hardness test. Johnson and Goldsmith (12) report 
temperature and strain-rate effects for some materials and 
Chase and Goldsmith (62) report strain-rate effects on the 
mechanical and optical behavior of a polyester. Brinson and 
DasGupta (36) studied the strain-rate behavior of polycarbonate 
and compare the analytical model presented by them with results 
for polyester (43) and polymethylmethacrylate. The ductile 
fracture of polycarbonate was studied by Brinson (34) and the 
brittle fracture of a polyester resin was studied by Ito (41). 
Theocaris and Gdoutos studied the size of plastic zones in 
cracked polycarbonate plates (67). 
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2. Methods 
The large number of methods in photoplasticity is due to 
the large differences that occur in the mechanical and optical 
behavior among the different photoplastic model materials. In 
other words, these model materials have different responses 
under the same test conditions. Other important reasons for 
the different test methods are the different responses of the 
same material depending on the way it is perturbed. For 
example/ strain-rate and temperature may be important for the 
optical response when the material is being loaded but may not 
be important when the material is being unloaded. Basically, 
photoplasticity can be divided into two and three-dimensional 
problems and the analysis can be made with loaded or unloaded 
models. Examples of each of these techniques are presented 
in Table 1. 
3. Applications 
Applications of photoplasticity can be divided into three 
distinct groups. Stress concentration studies form the first 
group while metal forming processes form a second group. The 
third group contains studies like the brittle fracture of 
polymers where birefringence properties help establish an 
understanding of fracture mechanisms. Table 2 presents these 
groups with some of their principal works. 
Table 1. Methods in photoplasticity 
Group Reference Material Comments 
Bi-dimensional 
load 
Frocht and 
co-workers 
(20-24) 
celluloid 
Monch and 
Loreck (25) 
Brill (6), 
Whitfield and 
Smith (7) 
Zachary and 
Riley (44) 
Ohashi (30) 
celluloid 
polycarbonate 
polyester 
celluloid and 
araldite 
Isochromatics and isoclinics are 
related to principal stress 
differences and directions. 
Stress concentrations are 
studied. Shear difference method 
is applied. 
Dispersion of birefringence is 
used to determine elasto-plastic 
boundaries. 
Birefringence is related to 
strain, 
Checks on equilibrium using 4 
point-bending of beams. 
Birefringence is related to 
strains. 
Photo-rheological method. Time 
dependent creep strain-rate and 
instantaneous elastic-plastic 
strain-rate are considered. 
Bi-dimensional 
unloaded 
Morris and 
Riley (43) 
Zachary and 
Riley (44) 
polyester 
polyester 
Birefringence is related to 
strains. Stress concentration 
around a circular hole in a plate. 
Birefringence is related to 
strains. 4 point-bending beam 
model. 
Three-
dimensional 
unload 
Burger and 
co-workers 
(45-50) 
Dally and Mule 
(40) 
Hunter (60) 
polyester 
polycarbonate 
epoxy resin 
Three- Johnson (8) cellulose 
dimensional proprionate 
load 
Birefringence is used to determine 
plastic strains. Slicing tech­
niques are used. 
Unloaded birefringence is used to 
determine plastic strains. 
Creep and frozen characteristics 
of epoxy when subjected to a 
thermal cycle whose maximum 
temperature is well below the 
critical temperature. 
Viscoelastic behavior is used to 
simulate elasto-plastic behavior 
of metals. Method uses scattered 
light photomechanics techniques. 
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Table 2. Applications of photoplasticity 
Applications 
Stress concentration 
bar with notches or grooves 
bar with hole 
grooved shaft in torsion 
Metal forming 
compression of cylinder 
extrusion 
hot-rolling 
ring up-set 
indentation 
4 point bending 
compression of wedge 
Others 
brittle fracture of 
polyester 
Dugdale model 
(polycarbonate) 
References 
Hunter (60), Frocht and 
Thomson (20), Javornicky (27) 
Ito (28), Frocht and Thomson 
(20), Brill (6), Whitfield 
and Smith (7), Monch and 
Loreck (25) , Javornicky (26, 
27), Morris and Riley (43), 
Fried and Shoup (54) 
Johnson (8) 
Dally and Mule (40) 
Burger and Koenig (47) 
Oyinlola (46), Burger et al. 
(45) 
Oyinlola (46), Burger et al. 
(49), Gomide and Burger (50) 
Nisida et al. (29) 
Zachary and Riley (44) 
Nisida et al. (29) 
Ito (41) 
Theocaris and Gdoutos (67), 
Brinson (34) 
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B. Yielding 
Plastic yielding in crystalline and amorphous glassy 
polymers is not as well understood today as is plastic yield­
ing in metals. An important point to recognize is that 
polymers, in general, show different types of behavior depend­
ing on the exact conditions of the test. Two important 
variables are strain-rate and temperature. The same polymer 
can exhibit necking and cold drawing or can fail in a brittle 
manner depending on these factors. Attempts have been made to 
explain the yielding mechanism of polymers in terms of either 
local adiabatic heating, free volume dilatation, dislocation 
movement, or stress-biased thermally activated flow (68). 
Brady and Yeh (68) suggested that tensile and compressive 
yielding mechanisms are very similar and are indeed a rate 
process and that both may be controlled by localized volume 
dilatations. The relationship between compressive and tensile 
yield behavior in glassy thermoplastics was studied by Haward, 
Murphy and White (69). They found that the strain-rate 
dependencies of both the tensile crazing stress and the com­
pressive yield stress respond to temperature in the same way 
for polystyrene, suggesting that crazing and yielding involve 
similar molecular motions. Argon and Bessonov (70) discuss 
plastic flow in glassy polymers in a more recent publication. 
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There is evidence in the literature that hydrostatic 
pressure influences the yield behavior of polymers. In general, 
hydrostatic pressure increases the ductility of polymers and 
both the shear yield stress and the tensile yield stress in­
crease with pressure (71, 72). 
A major contrast between the macroscopic behavior of 
polymers and metals is that polymers have their yield behavior 
influenced by the hydrostatic stress component (tension or 
compression) and that large differences may exist between 
tensile and compressive yield strengths. As mentioned by 
Eaghava et al, (73), any yield criterion describing the yield 
behavior of a polymer must include the pressure dependence 
effects and the differences between tensile and compressive 
yield strengths. Raghava et al. (73, 74) proposed a new yield 
criterion for amorphous and crystalline polymers which is in 
essence a pressure modified von Mises criterion. A review of 
yield criteria and a survey of works involving the yield 
behavior of polymers is presented by Ward (71). Some data 
available in the polymer science and photoplasticity literature 
is presented in Table 3. The table presents the source, the 
materials studied, the ratio of compressive yield strength to 
tensile yield strength, C/T obtained and the yield criterion 
followed by the material as suggested by the authors of the 
paper. 
Table 3. Summary of published data 
Reference Material C/T Criterion 
Raghava èt al. (73) Polyvinylchloride 
Polycarbonate 
1.33 
1.20 
Mod. von Mises^  
Mod. von Mises 
Raghava and Caddel (74) Polyethylene 1.30 Mod. von Mises^  
Whitney and Andrews (75) Polystyrene 1.30 Coulomb-Mohr 
Bauwens (31) Polyvinylchloride 1.30 Mod von Mises^  
Raghawa et al. (73) Polymethylmethacrylate 1.30 Mod. von Mises^  
Nisida (29) Celluloid 1.18 — — — 
Javornicky (4) Celluloid 1.08 Tresca 
Monch and Loreck (25) Celluloid — von Mises 
Bowden and Jukens (77) Polymethylmethacrylate 1.67 Coulomb-Mohr 
Brady and Yeh (68) 
Polystyrene g^ enched 
Polycarbonate C^ n^ched 
1.59 
1.61 
1.35 
1.07 
Coulomb-Mohr 
Coulomb-Mohr 
Coulomb-Mohr 
Coulomb-Mohr 
Zachary and Riley (44) Polyester 1.35 Mod. von Mises^  
Whitfield and Smith (7) Polycarbonate 1.17, 1.21 Hypotrochoid-shaped 
Yield Locus in the 
Pi-Plane 
M^odified von Mises criterion as proposed by Raghava et al. 
3-D:  +  (Og -  Og)^ +  (a^  -  +  2  (a^  +  Og +  cTg)  (C -  T)  =  2  CT 
2 -D;  =  0  -> +  (cr^^ +  Og)  (C -  T)  =  CT 
A^nother pressure modified von Mises criterion t  + Aa^  = B 
where; = octahedral shear stress; = mean stress; A,B = constants. 
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Important results are presented by Whitney and Andrews 
(75) concerning volume effects and the yielding of glassy 
polymers. They obtained results for polystyrene, polymethyl­
methacrylate, polycarbonate, and polyvinyl-formal subjected to 
uniaxial compression and concluded that their yield behavior 
could be considered in terms of two regions ; one region before 
and another after the yield point. The relative volume change 
would first increase in a linear elastic way until the pro­
portional limit is reached and then the rate of change would 
decrease until the yield point is reached, after which there 
would be a zero rate of volume change. In terms of Poisson's 
ratio, it can be said that it would gradually increase from 
its elastic value to a final value of 0.5 beyond the yield 
point. 
Several yield points can be defined for the same stress-
strain curve. Michno and Findley (76) discuss and present 
some yield point definitions and some references concerning 
the effect of the definition of yield on the yield surface. 
In the polymer science field a great number of papers relate 
the yield point to the loading-drop point (7,71,72,75,77). 
Departure from linearity was used by Gurtman, Jenkins and 
Tung (32) in their work with polycarbonate. Offset methods 
have also been used. Raghava and Caddel (74) used values of 
0.3 to 0.9% in their study to establish correlation between a 
predicted yield locus and their normalized experimental values. 
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Ely (78) used effective strain values of 1.0 and 1.8% and 
Zachary and Riley (44) used an offset of 2%. Some authors 
define yielding by means of a secant, yield stress to be con­
sistent with the representation of a uniaxial stress-strain 
curve fitting formula presented by Ramberg and Osgood (79). 
Theocaris and Gdoutos (67) defined yielding as the point where 
the (da/de) = f(e) curve has an inflection point. 
An important and difficult point to deal with in initial 
yield locus determinations is the choice of a suitable test 
specimen. Several specimen geometries, testing machines, and 
loading conditions have been used. A critical review and 
survey of methods is presented in (76). Thin walled tubular 
specimens subjected to tension or compression and to torsion 
with or without internal pressure have been used (76). A 
biaxial testing machine for plasticity, creep, or relaxation 
was presented by Pindley and Gjelsvik (80). Hill (81) pro­
posed the use of obliquely notched or grooved strips in tension 
to obtain long narrow zones of distortion for materials with 
low strain-hardening behavior. This method has been employed 
basically for metals (e.g. 82). Theocaris and Hazell (83) and 
Hazell and Marin (84) used rhomboidal plates of different 
shapes loaded transversely at the corners. Biaxial tensile 
testing machines and cross shaped specimens have been used by 
Shiratori and Ikegami (85). Bowden and Jukes (77) used tension 
of a strip under plane strain compression to analyze the yield 
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behavior of polymethylmethacrylate. Whitney and Andrews (75) 
used five different stress fields to determine the yield 
behavior of polystyrene. 
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III. YIELD BEHAVIOR EXPERIMENTS 
A very important similitude requirement for model to 
prototype scaling in photoplasticity work is that the macro­
scopic yield behavior of model and prototype materials must be 
the same. Thus, not only uniaxial tension and compression 
properties must be examined, but also yield properties under 
multiaxial stress states have to be determined. 
The purpose of this section is to provide additional 
information on the yield behavior of polyester mixtures which 
appear suitable for model studies of manufacturing methods 
such as rolling and extruding. For this, temperature and 
strain-rate effects on different mixture ratios are examined. 
The initial yielding laws of the polyester materials and of 
polycarbonate are determined by using a new biaxial test speci­
men geometry proposed by Arcan, Hashin and Voloshin (86). 
A. Materials 
The photoplastic materials tested in this investigation 
were polycarbonate and polyester. The two different brands of 
polycarbonate used were LEXAN (3.18 mm thick sheet) and 
WESTLAKE (6.35 mm thick sheet). Different mixture proportions 
of flexible (LAMINAC 4134) and rigid (LAMINAC 4116) polyester 
resins formed the second group of materials tested in this 
research. The casting procedure followed for the polyester 
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mixtures used a volume approach for the liquid curing agents 
and a weight approach for the viscous-resin components. The 
mixtures used are listed in Table 4 together with amounts of 
curing components. Names were assigned to the mixtures based 
on the percentage amount of the rigid resin used (first number) 
and on the batch number (second number). In a general way the 
mixtures were cast in closed glass molds 280 mm x 200 mm x 8 mm 
that were coated with RTV mold release rubber. The liquid 
mixtures were allowed to harden for a period of 24 hours at a 
designated temperature (Table 4) and then the material blocks 
were taken out of the mold and cured in an oven for 24 hours 
at 85-90'C. 
B. Experimental Method 
All experimental work was conducted with an MTS series 
810 testing machine. Load and stroke were recorded with a 
model MTS 431 recorder. A light mineral oil bath was used to 
control the test temperature. Strain-rate was controlled 
through the cross head speed of the machine. 
In this investigation the dropping-load definition for 
the yield point was used since preliminary tests showed that 
plastic deformation (unloaded residual strains) started to 
appear only when uniaxial tension and compression specimens 
were unloaded after the dropping-load point had been surpassed 
in the load-stroke curve. In the case of tests with no 
Table 4. Mixture components 
Material 
designation 
Laminae 
4116 
(rigid) 
Laminae 
4134 
(flexible) 
MEKP^  
methyl-ethyl 
ketone peroxide 
Laminae 
additive^  
#10 
Cobalt 
naphtanate 
Initial 
temperature 
100-1 100% 0 .5 ml 1.0 ml 0 25°C 
100-2^  100% 0 .2 ml 1.0 ml 0 35°C 
85-1^  85% 15% ,2 ml 1.0 ml 0 35°C 
70-1 70% 30% .5 ml 1.0 ml 0 25°C 
70-2 70% 30% .5 ml 1.0 ml 0 45°C 
70-3 70% 30% 1.0 ml 1.0 ml 0 45°C 
70-4^  70% 30% .2 ml 1.0 ml 0 35°C 
50-1 50% 50% 1.0 ml 1.0 ml . 5 ml 40°C 
A^ll amounts in 100 gr of mixture. 
2^0 mm thick plates. 
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dropping-load appearance, the above approach for the definition 
of the yield point was verified for a point in the load-stroke 
curve just after formation of the smooth yielding knee. 
1. Tension tests 
Dog-bone tension specimens with an overall length of 127 
mm between holes and 6.35 mm x 6.35 mm nominal cross sections 
along a gage length of 100 mm were used. Reinforcement of the 
specimens' heads by means of specially designed aluminum fix­
tures were used to avoid fracture starting at the pin holes. 
Stresses were computed from initial cross-sectional area and 
strains were obtained from the stroke recorded by the testing 
machine. A previous calibration made with an MTS model 
632.11B-20 extensometer with a 25.4 mm nominal gage length was 
used to transform stroke into strain for the tension specimens 
because the mineral oil bath, different working temperatures, 
and the large number of tests made any other kind of strain 
accessment difficult. 
2. Compression tests 
Right circular cylinders with varying nominal diameter to 
length ratios, d/h, were used to determine the uniaxial com­
pressive yield strengths as suggested by Cook and Larke (87). 
The effect on the compressive yield strength of such variables 
as dimensions of the test specimens and friction between speci­
mens and loading platens have been considered. The friction 
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factor was small due to the oil bath used. Different cylinders 
with initial ratios of diameter to height varying from .53 to 
1.65 for two materials were determined at constant temperature 
and strain-rate. It was concluded that for the applied fric­
tion between cylinder and platens, the compressive strengths 
extrapolated to a ratio h/d 0 were equal to those obtained 
for a ratio d/h = 0.67. All subsequent compression tests were 
carried out with a ratio d/h = 0.67. Test strain-rates were 
calculated in a conventional way, i.e., through the machine 
cross-head speed and cylinder heights. This seems to be an 
accepted way to calculate strain-rates during compression of 
cylinders under low friction, however, the method may lead to 
errors in the strain-rate determination due to the nonuniform-
ity of the strain distribution throughout the test specimens. 
3. Biaxial tests 
The experimental procedure used to determine the initial 
yield locus of the photoplastic materials employed in this 
program utilized a new specimen geometry proposed by Arcan, 
Hashin and Voloshin (86) which produces uniform biaxial stress 
fields of opposite sign in one section of the specimen. This 
specimen was originally designed for tests dealing with fiber 
reinforced materials but its field of application can be 
extended to deal with the determination of the initial yield 
locus of materials. There are several advantages in using 
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this specimen geometry: 
1. "plastic" specimens can be easily machined with 
a router; 
2. relatively thin sheets can be used; 
3. any standard testing machine can be employed 
with no additional devices being needed; 
4. tension or compression yield strengths can also 
be obtained using the same specimen geometry. 
One limitation of this specimen is that there is only one 
critical section, i.e., uniformly constant stresses or strains 
do not develop in a large length as in a tension specimen. 
Another limitation is that principal stresses in the critical 
section can only be made of opposite signs due to stress con­
centration problems. 
The principal stresses, a2 and = 0 in the critical 
section -AB, Figure 1 - of the specimen were obtained by Arcan 
et al. (86) by applying equilibrium of forces at that section. 
Two conclusions from a photoelastic analysis are: 
1. isochromatics are constant all over the critical 
section for angles |a| £ 45®, (a is the angle 
that the applied external load, P, makes with 
the tangent to the critical section. Figure 1); 
2. isoclinics are constant and equal to 45° along 
the critical section and do not depend on the 
angle |a| £ 45° employed, meaning that this 
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Figure 1. Biaxial specimen 
a) geometry - (m/m) 
b) critical section 
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section is always a maximum shear stress plane. 
Therefore, 
~ 2 ~ sina)/£t 
(1) 
c^ i + a2 = (2P cosa)/&t 
where H and t are length and thickness of the critical section. 
It can be concluded from Equation 1 that the principal stresses 
at the critical section are : 
a, = P(cosa + sina)/£t 
^  ( 2 )  
G2 = PCcosa - sina)/£t 
It can be seen that when a = 0°/ the principal stresses 
are that pure tension and compression are obtained 
when a = ±45®. The angle a was never made negative in this 
research. States of stress where [agi > obtained by 
applying a compressive external load instead of a tensile one. 
The specimens were sandwiched between thick plexiglass (9.8 mm) 
plates when the load P was compressive to avoid buckling. The 
biaxial specimens had two different thicknesses as is shown in 
Figure la. The thinner part corresponds to the critical sec­
tion (AB) and its neighboring region. The remainder of the 
specimens was thicker to: 
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1. avoid contact of the critical section with the 
buckling protective plates when P is compressive, 
avoiding any possible restraint to lateral 
expansion; 
2. approximate as closely as possible a plane 
state of stress by making the test section 
thinner; 
3. make the thicker part of the specimen more 
rigid and stronger thus avoiding possible 
plastic or nonlinear deformation in other 
regions of the specimen which could produce a 
nonlinear influence in the load-stroke curves. 
The basic reason for using this geometry for an initial 
yielding locus test is that at the onset of yielding the load 
Py (the yielding load) will establish the yield stresses 
and a2 through expressions (Equation 2). The load Py was 
determined by means of observing the dropping-load point in a 
plot of load versus stroke recorded with the testing machine. 
These dropping-load points coincided with the visual appearance 
of slip planes at the critical sections of the polycarbonate 
specimens. 
An experimental check on the accuracy of the biaxial test 
specimen was made by determining the initial yield locus for 
two brands of polycarbonate and comparing the results with data 
available in the technical literature. The results agreed 
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favorably and are presented in the next section {Figure 5). 
Unloaded fringe patterns for a polyester specimen are 
shown in Figures 2a and 2b. 
The strain rates associated with the biaxial tests were 
determined from the initial elastic part of the tests, i.e., 
the initial rate of loading was used to determine the stress 
rates and then and 2^ were determined from the elastic 
relations among stresses and strains. All biaxial tests were 
carried out under the same value for the larger strain-rate. 
C. Strain-Rate and Temperature Effects 
The influence of the variables strain-rate and temperature 
on the yield strength of the materials studied is presented in 
Figures 3 and 4. It can be concluded that temperature has the 
strongest influence. This is important for photoplastic tests 
with the polyester mixtures because Figure 3 shows that varia­
tions of more than 0.5°C can significantly change the 
materials' yield strength. Since the yield strength of poly­
carbonate does not vary significantly for tests in the room 
temperature range, polycarbonate models can be tested without 
dependency on strain-rate (about 4% variation for a 10 times 
variation in the strain-rate). 
The mixture ratios of the polyester resins tested showed 
a large variation in behavior depending on the strain-rate and 
temperature values used. The rigid polyester (LAMINAC 4116) 
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Figure 2. Isochromatic pattern 
a) light-field 
b) dark-field 
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was very brittle for temperatures below 56®C and very sensi­
tive to small cracks and surface defects when tested in ten­
sion, The principal effect of the flexible resin in the 
mixture is to lower the working temperature for the mixtures. 
All tension specimens of the 70-30 mixtures developed crazing 
when strained beyond the elastic range. This material showed 
very little notch sensitivity but failed in a very brittle 
manner. The polyester mixtures did not exhibit macroscopic 
and visible slip plane deformation or necking under tension 
as is present in the polycarbonate specimens. Tension or 
compression yield strengths for polyester mixtures at differ­
ent strain-rate are presented in Figure 4. Results from other 
papers are also presented (36,43,49,65). It can be seen that 
the behavior is similar for all curves which suggests that the 
same yielding mechanisms are taking place for tension or 
compression. Although only two decades of strain-rate were 
covered for most of the materials, an approximate analysis 
shows that the polyester mixtures may fit a simple experimental 
model of the form 
y = A + B log ê (3) 
where B = 1,15. More details about this and other models can 
be found in the literature (36,62,68,72). Westlake polycarbo­
nate compression results show that it follows the same model 
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presented by Brinson and DasGupta (36) for polycarbonate under 
tension where B for the above equation is 0.4. 
D. Biaxial Results 
The results for the biaxial tests on the initial yield 
locus for Lexan and Westlake polycarbonates are presented in 
Figure 5, together with the results reported by Raghava, 
Caddel and Yeh (73). The data are presented in nondimensional 
form by means of normalizing each set of data by its own ten­
sion yield strength, T. All three sets agree very well with 
each other and the conclusion drawn is that the biaxial speci­
men used in this research is appropriate to obtain the initial 
yield locus curve. It is of interest to note that Whitfield's 
(7) results were obtained by means of subjecting thin walled 
tube specimens to axial and torsional loads while the results 
reported in (73) were obtained from thin tubes subjected to 
axial loads combined with internal pressure. It is also 
important to note that the dropping-load point was used in 
this research and in (7) to define yielding while a 0.3% off­
set method was used by Raghava et al. (73) to define yielding. 
Also plotted in Figure 5 is the 4th quadrant of the pressure 
modified von Mises criterion proposed in (73, 74). In this 
case, the ratio C/T was 1.15 which is an average value obtained 
in this research. Values of C/T reported for polycarbonate are 
1.17 and 1.21 (7) and 1.20 (73). It can be seen in Figure 5 
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that the modified von Mises criterion fits the data very well; 
therefore, it may be concluded that it is a good mathematical 
representation of the initial yield locus for polycarbonate 
corresponding to principal stresses of opposite signs. Raghava 
et al. (73) also show that the above criterion fits the data in 
the tension-tension quadrant (1st). 
Normalized biaxial tests results for the different poly­
ester mixtures tested are presented in Figures 6-8. A general 
conclusion is that the ratio C/T decreases when larger amounts 
of the flexible resin are used. The larger scatter for the 
rigid polyester tests are believed to be due to the large C/T 
ratio which causes a very steep yield locus curve and leads to 
large relative errors when small differences occur in the angle 
a or in the test temperature. Data for different batches of 
70% rigid material indicated the same behavior and, therefore, 
are presented in the same plot. 
The modified von Mises criterion was plotted in each 
figure for comparison with the experimental data. It can be 
seen that it seems to predict the yield locus of the polyester 
mixtures reasonably well in the tension-compression quadrant. 
The polyester materials were harder to test than poly­
carbonate since the onset of yielding was not as clear as it 
was for polycarbonate. Another difficulty encountered was the 
controlling of the applied strain-rate. The concentration of 
deformation near the critical section of the test specimens is 
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large and unless the strains are accessed locally by means of 
strain gages, the strain-rate is not determined with sufficient 
accuracy in materials which are highly strain-rate sensitive. 
The results shown in Figures 6-8 may be very important in 
the accessment of error in a photoplastic analysis when the 
model material does not follow the same macroscopic yielding 
law as the prototype material. To model a metal which has a 
ratio C/T = 1 (von Mises material) with a model material which 
has a ratio C/T = 2.50 may be very improper, but this procedure 
may be justified if it is known that the ratios a^ /a^  will vary 
little in the prototype material. Another analysis procedure 
may utilize several distorted models which can be made from 
different mixture ratios leading to different C/T ratios, say; 
1.30, 1.55, 2.0 and 2.7. Then the strains or stresses for one 
point can be determined by plotting the results obtained for 
each model and extrapolating to an undistorted model with a 
C/T ratio equal to 1. A similitude analysis of this type must 
take into consideration whether the model is analyzed under 
load or upon removal of the load. The hydrostatic term in the 
yield criterion may be important only during the onset of 
yielding and while the model is loaded. Influence of differ­
ent C/T ratios in different models under load were studied by 
Sieck and Rogge (88) with Finite Element techniques and it 
seems that small or large differences can be found in the 
results depending on the special conditions of each particular 
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geometry and loading case. The influence of different C/T 
ratios on strain distributions in photoplastic models after 
unloading are studied in the following sections. 
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IV. APPLICATIONS OF PHOTOPLASTICITY 
The purpose of this section is to discuss the application 
of photoplasticity methods with polyester model materials to 
the solution of plasticity problems. As was pointed out pre­
viously, these materials have been used for model studies of 
several metal forming problems but no attempt was made: 
1. to verify the accuracy of the solutions; 
2. to access the validity of assumptions such as 
incompressibility and how to express it (i.e., 
are higher order terms important?). 
In other words, the successful application of the photo-
plasticity method to metal forming problems with model mate­
rials that do not follow the traditional von Mises yield 
criterion will require increased attention to problems like 
the assessment of error or differences between the photo-
plastic analysis and prototype behavior. 
In the next following sections the main material and 
method features are discussed. Two simple examples are studied 
and the solution of one of them is compared with results from a 
nonlinear finite element program. 
A. Use of Polyester Resins 
Several different points must be discussed here in order 
to establish a clearer picture of which factors could affect a 
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photoplastic analysis and how important these effects can be. 
1. Optical behavior 
Two early investigations (43, 44) concluded that two dif­
ferent optical behaviors can be identified depending on whether 
the material is analysed under load or after being unloaded. 
The optical behavior under load is not easy to explain and 
makes any analysis under load difficult since the material 
fringe value is not a single valued function of strain (see, 
for example. Figures 3, 9 of reference 44). One explanation 
for this behavior is that there are, at least, two material 
fringe values for the material, one for elastic strains and 
other for plastic or permanent strains and the two have 
opposite signs. The unloaded optical behavior may depend only 
on the plastic or permanently introduced strain. Strong evi­
dence for this was reported by Zachary and Riley (44) when they 
found no difference between their measured material fringe 
value for one mixture of polyester resins and the fringe value 
reported by Burger and Koenig (47) for the same mixture under 
completely different conditions. The unloaded material fringe 
value f^  was obtained in (44) with uniaxial tensile, compres­
sive, beam and thin walled cylinder specimens while the value 
of f^  obtained in (47) was determined with diametrically com­
pressed discs (biaxial stress field) at a temperature 20°C 
higher and at a strain-rate 2500 times faster than those used 
in (44). 
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Additional results concerning the unloaded optical behav­
ior for the different mixture ratios are reported in Figure 9. 
These data were obtained for mixtures of 70% rigid - 30% flex­
ible polyester resins, 85-15 and for the 100% rigid material 
at different strain-rates and under different temperatures. 
The results were obtained from dog-bone tensile specimens and 
compressive specimens such as those used in (9), and were manu­
factured from the different batches of materials used in this 
research. Diametrically compressed disc results (49) for the 
rigid resin were also used. It can be seen in Figure 9 that 
an average straight line can be drawn through the data points 
with a satisfactory fitting. Therefore, the conclusion that 
optical unloaded behavior depends only on plastic strain is 
verified and extended so that the same material fringe value 
is valid for a range of polyester mixtures having less than 
30% of the flexible resin. 
2. Yield criterion 
It was shown previously that the polyester mixtures follow 
a pressure modified von Mises criterion and that the difference 
between this criterion and the von Mises criterion can be very 
large depending on the compression-tension yield stress ratio 
C/T. The difference in yield criteria implies that other dif­
ferences may be very important when the material flow rule and 
incompressibility assumption are considered. The flow rule 
and the yield criterion are related to each other, therefore. 
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the incompressibility assumption may not be valid if a pressure 
dependent criterion and flow rule are adopted. Different yield 
criteria imply that biaxially stressed points or regions may go 
plastic in the model and not in the prototype or vice versa. 
This will be very important when the geometry and loading gene­
rate stress fields with wide ranges of stress ratios, i.e., 
problems where ratios such as 0^/02 or o^/a^ vary significantly 
throughout the plastic regions. Small or practically no dif­
ferences can be expected if the stress ratios do not vary or 
vary very little throughout the specimen. 
3. Volume effects 
It has been verified that the yielding of polymers is 
pressure sensitive and, at first, volume compressibility (or 
dilatation) while plastic deformation takes place may be a 
reasonable assumption. A very important result concerning 
volume studies in the yielding of polymers is given by Whitney 
and Andrews (75). Their results show that there is no rela­
tive change in volume after the yield point is reached and 
plastic deformation is taking place. Then, volume effects are 
important when elastic and viscoelastic behavior are considered 
but incompressibility may be assumed for plastic deformation. 
Moreover, only the distortion stress tensor is important for 
the prediction of the yield point in metals, while both volu­
metric and distortion stress tensors are important when the 
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yield point of polymers is considered. However, only distor­
tion is important when fully plastic strains are considered. 
Thus, a photoplastic strain analysis using unloaded specimens 
can neglect any volume change and the strain separation can 
use the relation which says that the plastic relative volume 
change is zero, i.e., 
IF = + ^ 2 + =3 + ^ 1^ 2 + 
( 4 )  
= + E; + S3 " 0 
where Av and v are volume change and volume respectively, 
1^' ^ 2' 3^ principal plastic engineering strains and 
Eg, and are natural or true strains. It is important 
to consider the 2nd order terms in some problems because the 
strains can sometimes be very large. For example, 2nd order 
terms can be as high as 9% if the principal strain range is 
of the order of 30%. 
4. Temperature and strain-rate effects 
Temperature is an important factor when yielding is con­
sidered but it is relatively easy to control. On the other 
hand, strain-rate is difficult to control and it is practically 
impossible to have a constant distribution of strain-rate 
throughout the specimen. The local strain-rate will depend on 
the strain field distribution and the spread of the plastic 
regions. 
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5. The freezing strain method 
In this section a discussion is presented of how "plastic­
ity" takes place and how plastic strains are fixed permanently 
in the polyester model specimens. Several of the conclusions 
result from qualitative tests and others are based on observa­
tions made while obtaining the material properties. A better 
understanding of this particular facet of material behavior 
will require that more specific tests be designed and executed. 
It was concluded previously that yield strength is a function 
of temperature and strain-rate. The effect of a lower strain-
rate at a constant temperature is to increase ductility and to 
decrease the yield strength and modulus of elasticity. Visco-
elastic and creep effects are important and must be taken into 
consideration when experiments are planned. The way most tests 
with the polyester mixtures are conducted determines that the 
permanent deformation locked in the specimens is due to a 
coupling of several main effects, namely; 
1. a temperature cycle, 
2. a displacement-controlled load-stroke cycle and 
3. a recovery effect. 
For example, follow curve OABC in Figure 10 which represents 
the load stroke curve of a cylinder of polyester material 
compressed at constant temperature. The testing machine is set 
to operate under stroke control and at a constant head speed. 
The moving head touches the cylinder (point O) and starts 
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Figure 10. Illustration of the freezing strain method 
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applying load until the material yields (point A) and then 
continues to deform until point B is reached when the stroke 
control is instructed to return at the same head speed until 
point C is reached. The specimen will retain a permanent total 
deformation corresponding to a distance between OD and OC in 
the graph of Figure 10 if it is quickly removed from the 
temperature controlled environment and cooled to room tempera­
ture as soon as point C is reached. If, instead, the specimen 
is allowed to remain inside the temperature controlled environ­
ment at the test temperature, the total plastic deformation 
that will be locked in the cylinder will be less than OD, i.e., 
equal to OF or OE depending on the time of the observation. 
Tests quantifying this behavior were carried out with one 
cylinder of the 70% - 30% mixture at 40®C and another cylinder 
of the 100% rigid material at 76°C. The results are presented 
in Figure 11 where e is the total strain in the cylinder at the 
time T after unloading. The decreasing of total strain e with 
time can be called recovery and it is a temperature dependent 
effect. For example, biaxial and tensile test specimens of the 
70% rigid - 30% flexible material with total plastic strains of 
more than 30% retained at a test temperature of 40°C and which 
were kept at room temperature for 6 months were strain free 
after being heated for 1 hour at a temperature of 50®C. 
References on the recovery of polymers can be found in (69) 
and (70). It seems that a test curve sequence illustrated by 
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the curve OABC is the ideal one for three-dimensional photo-
plastic studies where unloading and model slicing take place 
because the return BC implies that all elastic stresses 
(except some small residual stresses due to the unloading 
process) denoted by the OA part of the loading curve were 
allowed to be released. It is interesting to note that if this 
ideal sequence is followed, the straight lines OA and BC be­
come nearly parallels. Other deformation processes can be used 
to fix permanent strains in the models but they can lead to 
several unexpected errors if the resultant permanent strains 
are to be analysed as only unloaded plastic strains. For 
example, assume OAB is followed during loading and then the 
test specimen is unloaded very rapidly. This sequence provides 
a very short time for the (visco-) elastic return and unloading 
curve EG takes place. If the specimen is quickly removed from 
the temperature controlled environment the total strain OG will 
be locked in the specimen. From Figure 10 it is obvious that 
some of the elastic strains will also be frozen by the high 
cooling rate to which the specimen is subjected. Another type 
of deformation process may be carried out by following curve 
OAB and holding at the stroke corresponding to point B for a 
long time. The load will then decrease to point H due to a 
relaxation process and this may finally be equivalent to a 
loading curve which takes place at a much lower strain-rate 
(OH, for example). Unloading through HI at a higher speed than 
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the corresponding one for the elastic part OJ will lead to 
some frozen elastic strains if the specimen is suddenly cooled 
after the load-stroke curve reaches point I. Two effects 
remain to be mentioned when the load-stroke curve OABC is used. 
One concerns the possible occurrence of frozen elastic thermal 
strains. These did not appear in any of the experiments. The 
second effect is concerned with the strain recovery that can 
occur in regions of the specimens which have a slower cooling 
rate; for example, the center region of compressed cylinders. 
This is a difficult problem which can be avoided by loading 
and unloading very slowly to make recovery from plastic strains 
a slow-rate effect or, at least, a slow effect when compared 
with the recovery associated with a decrease of a few degrees 
Celcius in the important sections of the specimens. Therefore, 
errors in specimens with thicker sections are likely to occur 
since different cooling rates may lead to different rates of 
plastic strain recovery at interior points. 
6. Modeling studies 
Several similarity conditions are required for transition 
from model to prototype in general photoplastic problems. 
Frocht and Thomson (20) have indicated that in addition to the 
similarity of loading and geometry, three additional require­
ments must be met in elastoplastic studies, i.e., model and 
prototype materials must have; 
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1. similar stress-strain curves, 
2» same law of yielding and 
3. same value of Poisson's ratio in the plastic 
range. 
Modeling of inelastic behavior was discussed in detail by Young 
(89) and a similitude study for the polyester resins was done 
by Zachary (9). An early conclusion that can be drawn from any 
similitude study dealing with photoplasticity is that it is 
impossible to satisfy all of the similitude conditions. In an 
unloaded model study other similitude conditions arise due to 
unloading and it is even difficult to identify all of the 
important variables of the problem. One objective of this 
study was to direct attention to some of the significant 
variables that could influence the photoplastic solution such 
as the model material's optical and mechanical behaviors and 
to the complexity of any rigorous similitude study. Another 
objective of this investigation was to relax some of the simi­
litude requirements and then to compare solutions to verify 
how they deviate from each other. The main purpose of the 
plane strain example presented in the next section was to com­
pare displacements for some points in the models. A simple 
modeling law was used for these comparisons and in addition to 
geometry and loading similarity conditions/ the same permanent 
total strain for the loading-stroke curve was imposed as 
illustrated in Figure 12. Further it was assumed that the only 
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Figure 12. Illustration of the same total permanent strain 
condition as a modeling requirement 
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distortions occurring between model and prototype are the 
different C/T ratios or yield criteria as indicated in expres­
sion 5 below 
where u = plastic displacement at a designated point 
Ep = total permanent strain (see Figure 12) 
, P= generic length and load terms 
£ = a length, 
2 It is important to observe that different values of P^ /£ C 
will not necessarily mean a distortion. This term was included 
only to make graphic representations and comparisons possible 
(as Figure 12) by means of a normalized term. Several assump­
tions were tacitly implied; namely, 
1. that the total displacement of a point can be 
obtained through the superposition of its 
elastic displacement and its plastic displace­
ment and 
2. that elastic residual strains or stresses do 
not exist or can be neglected. 
B. Plane Strain Example 
The plane strain problem involving compression of a slab 
of material of thickness t by two opposite flat dies of breadth 
b. Figure 13a, was chosen to be studied by the photoplastic 
"P-
i^ i^ (5) 
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method. The specimen width w was made large when compared 
with the total breadth b so that plane strain conditions are 
maintained by reason of the elastic constraint offered by the 
essentially unstressed material on each side of the dies. This 
problem is presented in plasticity books, for example (90), and 
its slip line solutions for von Mises or Tresca materials when 
the two opposite stress fields start to influence each other 
were first given by Hill (91) . This limit is found at t/b = 
8.74 while at t/b =1.0 the slip line field becomes simply two 
diagonals joining the corners of the dies and crossing at 45° 
with the symmetry axes in the center of the specimen. Slip 
line solutions for t/b < 1 are more complex and were first 
given by Green (92). The example studied here had a ratio 
t/b = 2.0 and its principal dimensions are given in Figure 13a. 
The basic variable that was accounted for in this model study 
was the yield criterion followed by the model materials. 
Numerical finite element solutions were used to compare with 
results obtained from photoplasticity. 
There were three main reasons to choose this particular 
plane strain problem as a check of the photoplastic method. 
First, 45° lines obtained from the isoclinics could be com­
pared with the slip line field solution. Second, a finite 
element solution could be obtained by using a two dimensional 
element and load and displacement conditions could be adequate­
ly modeled. The third reason was that plane strain conditions 
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impose = 0, which implies that = -^ 2 to maintain volume 
incompressibility in the plastic state. 
1. Experimental technique 
Three different materials were used to provide three dif­
ferent C/T ratios, i.e., different polyester resin mixture 
ratios at different working temperature and strain rate were 
tested under tension (dog-bone specimens) and compression 
(small cylinders with ratio h/d = 1.5) to furnish the follow­
ing C/T ratios: 
- 100% rigid at 70°C, C/T = 2.55 
- 85% rigid, 15% flexible at 57°C, C/T = 2.02 
- 70% rigid, 30% flexible at 40°C, C/T = 1.60. 
A special loading device was designed to fit an MTS test 
machine in order to apply the compressive load. The straining 
process followed to permanently deform the specimens was 
similar to the one represented by the curve OABCD of Figure 10. 
All models and the special loading fixture were immersed in a 
temperature controlled mineral oil bath and loading was applied 
through stroke control at a speed of 250 y (m/m)/sec. 
The unloaded but deformed specimens were sliced as shown 
in Figure 13b. The longitudinal slices were cut only to pro­
vide a check of the strain separation process carried out by 
using the meridional slices and the fact that = - Gg. 
Checks were performed for points along the Z axis (load sym­
metry axis) and deviations for and £2 obtained by using the 
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longitudinal slices or by using the meridional slices were 
less than ±5% for the three models used, A conclusion that 
can be drawn from this study is that it is reasonable to use 
the incompressibility condition for separating the strains. 
Figure 13c shows a typical dark field photograph for a 
meridonal slice and Figure 14 presents the principal strain 
distributions for the three models used. 
2. Finite element solution 
The finite element solution for the flat die problem was 
obtained by employing the nonlinear analysis program NONSAP 
(93) where the nonlinearities may be due to large displacements, 
large strains, or nonlinear material behavior. Only the non­
linear material model was used in this analysis and the plane 
strain solutions involved two kinds of yield criteria, von 
Mises and Drucker-Prager C94) yield conditions. Data used to 
represent the material behavior and the yield condition are 
shown in Figure 15 together with the grid layout used. Twelve 
nonlinear 8 node elements were used to model the possible 
plastic region of the specimen. This plastic region had been 
observed in the meridional slices obtained from the deformed 
photoplastic models (see Figure 13c). Here it is valid to say 
that one of the secondary purposes of this investigation was 
to establish a close interaction between photoplasticity and 
finite element methods. In this way, most of the results of 
the finite element analysis could be, at least, qualitatively 
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predicted before hand; for example, the spread of the elasto-
plastic boundaries. Also, the satisfactory results obtained 
with the 12 nonlinear elements when coitçared to the experi­
mental solutions eliminated the need for a solution involving 
an increased number of nonlinear elements as a check on the 
validity of the initial finite element solution. 
Two finite element solutions were obtained for the von 
Mises material, one representing uniform pressure and another 
modeling uniform displacement. The later was used for compari­
son with the experimental results since uniform displacement 
would be imposed on the block of material by the rigid steel 
dies during the experiments. The uniform displacement of the 
specimen surface which was in contact with the steel die was 
modeled by using very stiff linear truss elements. The forces 
(i = 1,...,5) were calculated in such a way that equal, 
small and predictable displacements could be applied to the 
corresponding nodes. The total force F is plotted in Figure 
16 versus the displacement of node 61 for the three cases 
studied. The arrows indicate the points where a full plastic 
region was formed across the specimens. These loads were then 
transformed into pressures and divided by twice the shear 
strength for a von Mises material, p/2k, to compare with the 
results presented by Hill (91) and Ford (90) for slip lines. 
The values obtained from the finite element solutions for uni­
form pressure and displacement are 1.21 and 1.22 respectively. 
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which are only .83 and 1.7% higher than the slip line solution 
value of 1.20. 
3. Results and discussion 
Four types of results can be readily obtained by using 
the photoplastic method which employs slicing of unloaded 
models as it was used in this research. They are: 
a. Principal strains In the case of this example, the 
isochromatics from the meridional slices furnish the values of 
the two principal strains = -E2 = (N f^ )/2s directly where 
N is the isochromatic fringe order, s is the slice thickness 
and f^  is the material fringe value. 
b. Isoclinics The principal in-plane strain direc­
tions obtained from isoclinics can be converted to principal 
slip directions to model slip line solutions. 
c. Elasto-plastic boundaries This boundary was 
essentially the locus of points where zero order fringes were 
first observed in the slices. Some care would have to be 
exercised in other cases not involving plane strain to iden­
tify elasto-plastic boundaries where 7^  ~^ 2* 
d. Displacements Displacements can be obtained by 
numerically integrating graphs of strain versus position. It 
is very important to recognize that many problems involve large 
strains and along a Z symmetry line, for example, is given 
by an expression of the type 
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e = & (1 4- e ) =2 
z n z n 
ds 
dS (6) 
z 
where dS and ds are original underformed and final deformed 
infinitesimal lengths along the Z symmetry line. Then, 
(ds - dS)^  = 1 - ds (7) 
Integration of Equation 7 along the total deformed length 
furnishes the value of u^ / the total displacement component in 
the Z direction. 
Principal strains (or e^ ) and (or e^ ) are presented 
in Figure 14 as a function of position along the axes of sym­
metry. It should be observed that the results from the three 
studies are very similar even though different plastic indenta­
tions, If were applied to each model. 
Isoclinics for the geometry studied and slip lines derived 
from the isoclinics are presented in Figures 17a and 17b. 
These results were obtained for a total permanent indentation 
I = 3.7% which occurred in the test of the 70% rigid - 30% 
flexible material model. Results from the other models were 
essentially the same. This indicates that the different C/T 
ratios had only a minor influence on the strain distributions. 
Note that the photoplastic analysis furnishes a superimposed or 
integrated slip line or isoclinic pattern because this is an 
10 
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unsteady state problem and each slip line solution is for an 
instantaneous t/b value. The theoretical slip line solution 
is almost identical to the one presented in Figure 17b thus it 
can be concluded that a good prediction of the theoretical 
solution is provided by the experiments. The continuous trans­
forming of slip lines obtained experimentally by Siebel (95) 
using steel specimens and Fry's reagent are also predicted by 
these results. 
The positioning of the elasto-plastic boundaries for total 
indentations of 3.7%, 4.4% and 4.9% are presented in Figure 18a. 
Approximate positioning of the elasto-plastic boundaries deter­
mined from the outputs of the finite element program are also 
shown in Figures 18b and 18c and only a slight difference among 
the two yield criteria and photoplastic solutions can be 
noticed. 
Plastic displacements obtained from the finite element 
solutions at some points along the vertical axis of symmetry 
are plotted versus total plastic indentation, I, in Figure 19 
for materials following both the von Mises and Drucker-Prager 
yield conditions. The differences are attributed to different 
ratios C/T used for both, i.e., C/T = 1.0 for the von Mises 
condition and C/T = 2.0 for the Drucker-Prager criterion. The 
curves of Figure 19 were established by subtracting the corre­
sponding elastic components from the total displacements, 
furnished by the finite element program, for each node for 
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Figure 18. Positioning of elastoplastic boundaries 
a) photoplastic solutions 
b) NONSAP solution, von Mises material 
c) NONSAP solution, Drucker-Prager material 
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several values of total indentation. Data of plastic dis­
placement along the symmetry axes for three different indenta­
tions were then obtained and plotted in Figures 20-23 to be 
compared with the plastic displacements obtained from the three 
different photoplastic models used. These plastic experimental 
displacements were obtained by integrating expressions of the 
type shown in expression 1. The total plastic displacement in 
the z or 2 direction, for each model, obtained by integration, 
was compared with the displacements measured by a precision 
micrometer. A very good agreement was found, the deviations 
being equal to 3.8, 6.1 and 2.6% for the three models. 
From the above it can be seen that no particular trend can 
be noticed concerning the effect of the different C/T ratios. 
The main reason for this behavior is believed to be due to the 
fact that this problem involves a very narrow range of stress 
ratios (0 to -.20) over the complete plastic region but 
this is not an unusual characteristic of several forming 
problems. Thus, it is valid to conclude that moderate ratios 
of C/T will not significantly affect the solution of these 
forming problems. 
C. Axisymmetric Example 
The photoplastic method of analyzing permanently deformed 
unloaded models by the slicing technique was applied to the 
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axisymmetric problem of uniaxially compressed cylinders. The 
results presented are part of a current investigation being 
developed to study the effects of height to diameter ratio, 
h/d, and friction between specimens and test machine platens 
on the strain distributions and yielding loads of the uni­
axially compressed cylinders. 
The purpose of this section is to illustrate the process 
of strain separation and displacement checks and also to show 
some of the results obtained. Isoclinics for two different 
d/h ratios are also presented. 
1. Experimental technique 
The rigid polyester material at 76°C was employed in all 
tests. This material, at this temperature, has a compressive 
yield strength of 3900 psi and a tensile yield strength of 
1850 psi, both for a strain rate of 810 (y m/m)/sec, giving a 
value of 2.1 for the ratio C/T. All tests were temperature 
controlled and the compression of the cylinders was carried 
out on an MTS 810 test machine under stroke control. Friction 
between platens and cylinders was introduced as suggested by 
Goraide and Burger in (50). The tests presented here were for 
a high friction factor which implied fixed end conditions for 
the cylinder bases. 
To obtain the principal strain differences along the axes 
of symmetry z and r, meridional and hoop slices were removed 
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from the cylinders as shown in Figure 24. A dark field fringe 
pattern for the meridional slice of a cylinder with d/h = 0.80 
is shown in Figure 25. Fringe values, N, divided by slice 
thickness, s, and multiplied by the material fringe value, f^, 
were used in the equations below and together with Equation 4 
to obtain the principal strains and along the 
cylinder axes z and r. 
From ( 4 ) and ( 8 ): 
Since the z axis is an axisymmetric axis, = Eg, along 
this line and only the meridional slice needs to be used in 
this case (40). 
2. Results 
Strain distributions along the r and z axes are presented 
in Figures 26 and 27 for cylinders with d/h = 0.80 and 2.50. 
Displacement checks were conducted by experimentally 
determining the total plastic displacements along the axes z 
and r and comparing them with the displacements measured with 
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a micrometer. The agreement was very good, the maximum devia­
tions being 6.1% and -4.3% in the radial and axial directions 
respectively. An approximate but quick check can be conducted 
for this axisymmetric problem by using the circumferential 
strain and the relation £„ = Ar/r where A is the change in 0 
radius, r is the external cylinder radius and is the strain 
at the cylinder boundary (2r/d = 1.0). The errors obtained, 
comparing Eg determined from the graphs of Figures 26a and 27a 
with values of u/r measured with a micrometer, were +5.4% and 
-5.5% for the cylinders with d/h = 0.80 and 2.50 respectively. 
These values were obtained by using an average between the 
initial and final values of r. Checks using Sg = r^/r^ 
where r^ and r^ are initial and final external radius led to 
errors of +7.0% and -6.0%. It is important to note that the 
the unloaded total deformation of the cylinders was large 
(about 16% in the radial direction and 17% in the axial direc­
tion for the cylinder with d/h = 0.80); thus, high strains 
developed mainly in the central region of the cylinders. 
Therefore, a finite relationship between strain and displace­
ment as expressed in Equations 6 and 7 was used to integrate 
along the axial and radial directions. The integrations were 
done graphically by using a planimeter. It is important to 
note here that errors of approximately 20% are introduced into 
the total displacements if higher order terms are not used in 
such determinations. 
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Isoclinics for the geometrically different cylinders above 
are presented in Figures 28a and 28b. The same friction factor 
was used in both tests; thus, the principal strain directions at 
the specimen-platen interface are essentially the same in the 
two cases. 
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Figure 28. Isoclinic patterns 
a) d/h = 0.80 
b) d/h =2.50 
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V. CONCLUSIONS 
The influence of the variables strain-rate and tempera­
ture on the yield strength of polyester materials and poly­
carbonate were studied. The initial yield locus for both 
materials was obtained through the use of a new specimen 
geometry. The photoplastic method of analysing unloaded 
models with slicing techniques was discussed and applied to 
two examples. A nonlinear finite element program was employed 
to obtain solutions, based on two different yield criteria, 
for one of the examples in order to compare results. Con­
clusions from this investigation are; 
1. Test temperature is a very important parameter and 
small temperature variations can produce large variations in 
the yield behavior of the polyester materials. Strain-rate 
may be approximately modeled by a linear function of the 
logarithm of strain-rate ê. 
2. The biaxial test specimen proposed by Arcan et al. 
C85) can be successfully used for the initial yield locus 
determinations mainly for materials which are not very strain-
rate dependent. 
3. The initial yield locus of polycarbonate and of the 
polyester mixtures tested is well represented in the tension-
compression quadrant by a pressure modified von Mises criterion. 
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4. The conclusion that optical unloaded behavior depends 
only on in-plane principal plastic strain difference is veri­
fied for several different temperatures and strain-rates and 
extended so that polyester mixtures composed of at least 70% 
rigid resin have the same material fringe value. 
5. The fact that polyester model materials follow a 
pressure modified von Mises yield condition does not exclude 
them from being used for model studies where the ranges of 
stress ratios are small. Also, incompressibility may be 
assumed for unloaded specimens and used to effect strain sep­
aration. The error introduced by neglecting any volume change 
is much smaller than the total experimental error of about 5%. 
Care must be taken when strain separation or strain-displace­
ment relations are used because higher order terms can not be 
neglected when large strains or displacements occur. 
6. The photoplastic method of slicing unloaded but 
permanently deformed models was shown to be effective not only 
for the determination of plastic strain distributions but also 
for slip line solutions (from isoclinic patterns) and elasto-
plastic boundaries. It should be noted that displacement 
checks in photoplasticity are very important, being equivalent 
to equilibrium checks in photoelasticity. 
7. It was shown that photoplastic methods and finite 
element techniques can be combined to obtain solutions which 
would be difficult to verify if either method was used 
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independently. 
Some very general recommendations are that 
1. The freezing strain mechanisms of the polyester 
mixtures needs further study. Simple but basic tests should 
be planned to insure that all important variables of the 
problem are taken into consideration. 
2. At least two different polyester mixtures, with dif­
ferent C/T ratios, should be used in the solution of any 
problem, to insure that the influence of different yield con­
ditions on the solutions can be evaluated. Additional knowl­
edge of the effects of each modeling parameter on the solution 
of a problem must be established. Numerical techniques such 
as finite element can provide this information once the 
numerical program is written and verified with a model study. 
3. Greater integration of photoplasticity and other 
"plastic" analysis methods should be encouraged and used as a 
mean of assessing the accuracy of both the photoplastic anal­
ysis and the other techniques. 
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